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Comparisons of the Soot Volume Fraction Using Gravimetric
and Light Extinction Techniques
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simultaneous optical and gravimetric measurements were performed in the postflame region of an acety-
lene\ air premixed flame where the temperature of the soot/gas mixture was reduced to 50C1K through
nitrogen dilution. By combining gravimetric measurements of the collected soot with soot density
measurements using helium pycnometry, an accurate value of the soot volume fraction was obtained. The
temperature and soot concentration profiIes were measured to compare the line of sight Iight extinction
measurement with the point sampling gravimetric measurements. The soot volume fraction obtained by light
extinction measurements overestimated the actual soot volume fraction by about a factor of two. By
calibrating the optical measurements with the gravimetric soot volume fractions, a dimensionless extinction
coefficient, K,, of 8.6 was measured. This value is conjectured to be applicable for soot generated for a
variety of fuel; and to be valid for extinction wavelengths-in the visible to ~he near-infrared. I; was also found
that the mass specific light extinction coefficient was found to be 8.0 m2/g which is consistent with
measurements reported in the literature for a variety of fuels.

INTRODUCTION

Determination of the soot volume fraction us-
ing laser extinction measurements is a tech-
nique that is widely used in the combustion
community. It is an attractive technique be-
cause it provides an instantaneous, nonintru-
sive measurement. This technique is used both
within the combustion zone and in the post-
flame region. Within the flame, the soot vcd-
ume fraction measurement is central to the
study of soot growth [1, 2] and for studying the
radiant transport [3, 4]. It has been found that
thermal radiation from soot dominates the heat
feedback to the fuel surface for large fires [5,
6]. In the postflame region, the light extinction
measurements are used in estimating not only
the soot volume fraction but also the soot yield
and the specific extinction coefficient per mass
of fuel consumed [7, 8]. Such information is
important in the detection of fires, in assessing
the reduction in visibility arising from a fire in
a building [9] and for estimating the health and
environmental impact of large fires [10].

Even though the soot volume fraction is a
key property for describing soot both in the
flame and above the flame, there has been
little work to verify the accuracy of measure-
ments by light extinction techniques. Choi
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et al. [11] studied the effects of source wave-
length, scattering by soot particles, light extinc-
tion by “large” molecules and the use of dif-
ferent indices of refraction reported in the
literature on the measurement of soot volume
fraction. The experiments indicated that the
measured soot volume fractions were sensitive
to the absorption constant (which was calcu-
lated using the reported refractive indices). For
example, at a wavelength of 632.8 nm, the
absorption constant can vary by a factor of two
depending on the choice of indices of refrac-
tion [11].

The focus of this paper is on the develop
ment of an independent methc)d for charac-
terizing soot volume fraction to assess the
accuracy and to calibrate the light extinction
method. In short, the method consists of isold-
netically sampling the soot at a known flow
rate, measuring the mass of soot collected, and
determining the density of the soot by helium
pycnometry. The optical measurements can
then be calibrated with the gravimetric mea-
surements. In this manner, the dimensionless
extinction constant can be determined without
making assumptions regarding, the optical
properties of soot which can introduce signifi-
cant uncertainties. The accurate measurement
of the dimensionless extinction constant can
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‘ t“ tubes with a small Nz purge flow (see

‘~.,e ““” tion B in Fig. 1). The 2.1-cm-diameter
;?#,-,.
$. ~r Plate-increased mixing and reduced the
@Xuafions m the transmitted intensity com-
@red to a 6.5-cm-diameter tripper plate. Al-
.,t$oughthis improved the uniformity of smoke

,i,o#er the chimney cross section and reduced
‘@e fluctuations, it was important to character-
;:’* the temperature and smoke concentration
;p@les to make a quantitative comparison be-
,}qeen the optical and gravimetric soot volume

kction measures.
#Inevitably, there were deposits of soot on
;~e inner surface of the stainless-steel probe.
$&X that was used to calculate the gravimetri-
%lly-rneasured soot volume fraction (see Eq.
# is all of the soot that entered the probe
:’assembly.This soot was either collected on the
:,6ker or on the inner walls of the probe. Prior
~~tothe eWeriment, an aluminum dish along
jwith two fresh PTFE filters were weighed. One
‘of the filters was placed in the filter assembly
shown in Fig. 1. The other filter was used to
scrub the soot that was deposited on the inner
jwalls of the probe using a plunger. The two

‘ filters and the aluminu~ d;sh ;ere weighed
,:again at the end of the experiment to deter-
{ mine how much soot entered the probe assem-
: bly. Typically 5 mg of soot was collected, of
? which 10% was accumulated in the probe as-
! sembly.

The mass concentration of the soot, M,, was
computed from the mass of soot collected on
the filter, m,, the ratio of the ambient temper-
ature, T=, to the temperature at the probe
entrance, Tp, and the total volume, V, of gas
sampled based on the ambient temperature:

m~ T.
M,=——.

Vq
(1)

The estimated uncertainty (one standard devi-
ation) in m., V, and Tp are 0.03 mg, 0.08 L,
and 10 ~ respectively. The radial profile for
the temperature, Tp, and the mass concentra-
tion of soot, M,, are shown in Fig. 2. It is seen
that even with the use of the tripper plate,
there is a radial dependence in the mass con-
centration, M$, and temperature. In comparing
the line of sight optical and single location
gravimetric measurements, the radial average

mass concentration was required. The radial
average was computed as the arithmetic aver-
age of the three points shown in Fig. 2. The
line of sight average mass concentration, M,

(ave) is equal to bhf. (center), where b (equal
to 0.84) is the soot profile coefficient and A4$
(center) is the mass concentration of soot at
the center of the tube. Two factors affecting
the uncertainty in the determination of b are
lack of data at the wall of the chimney and
excluding the curvature in the concentration
profile. These effects result in an estimated
uncertainty (one standard deviation) in b equal
to + 0.04.

The optical measurements were performed
using a 15-mW 632.8-rim He–Ne laser and a
solid-state photodiode with a 6-mm aperture,
wedge beam splitter, and low-temperature co-
efficient feedback resistor. The path length, L,
used for the optical measurements was equal
to the inner diameter of the qpartz tube (84
mm) with an estimated uncertainty of ~ 2 mm.
To prevent air entrainment into the chamber,
“light” tubes were placed along optical line of
sight (see Location B in Fig. l)I. The plane of
the glass windows was oriented 3° from per-
pendicular to the laser beam, to) prevent inter-
ference from reflections. Nitrog,en was purged
through the tubes (at approximately 2 cm3/s)
to produce a constant path length (see Loca-
tion C in Fig. 1).

Two different representations of Bouger’s
law are widely used for analyzing light trans-
mission data. The first is used mainly for mea-
surements of soot volume fraction in flames
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Fig. 2. Measurement of the temperature and the gravimet-
rically determined soot volume fraction at various radial
positions.
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and the second is used above the flame zone to
estimate the soot yield from a fuel.

I ( K.(1+ a,a)fuaL
—=exp–

)

‘0 =“p(-Ke:aLi,

I
— = exp(–c, M, L),
1()

(2)

(3)

where L is the path length, Z is the transmit-
ted laser intensity, 10 is the incident laser
intensity, fuais soot volume fraction based on
optical measurements, a~~ is the scattering to
absorption ratio, and o-, is the mass specific
extinction coefficient. The nominal value of
the ratio of transmitted to incident laser beam
intensity, 1/10 is 0.65 and the estimate uncer-
tainty in In(l/lO) is 0.015. For soot particles of
small optical dimension, the dimensionless ab-
sorption constant, Ka, is computed from the
following formula obtained from Mie theory in
the limit of small particle size [15]:

36n_n~kA
Ka = = 4.9, (4)

(nA2 – kA2 + 2)2 -t 4nA2kA2

using the dispersion relationship of Dalzell
and Sarofim [15]. It is common practice in
the combustion and fire community to set a~~
(scattering to absorption ratio) equal to zero
to determine the soot volume fraction [4, 16].
However, the assumption that the scattering to
absorption ratio a~~ is negligible is only valid
for very small aggregates with optical sizes
2rrRg/A less than 0.7 (where Rg is the radius
of gyration of the agglomerate [17]). With this
assumption, the Rayleigh-limit solution of the
soot extinction constant can be used (Eq. 4).
This practice may be valid when considering
the primary particle diameter (which are typi-
cally 20–50 nm compared with source wave-
length of 632.8 nm) as the dimension of inter-
est. However, soot particles are aggregates
composed of hundreds of primary particles and
the average aggregate dimension can be of the
same order of magnitude as the extinction
source wavelength. Under this condition, the
Rayleigh-limit assumption is no longer valid

-
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and using Eq. 4 to calculate the dimensionlcti
extinction constant will result in large unccl.
tainties. For example, the work of Koylu ati
Faeth [18], indicates that the scattering to fib
sorption ratio for soot created in the overflw
region of diffusion flames can be as high a~
22%-41% (using A = 514.5 rim).

HELIUM PYCNOMETR.Y
DENSITY MEASUREMENTS

To determine the morphology and the strue.
ture of the soot generated in our experiments,
soot particles were thermophoretical]y sm.
pled. The soot samples were collected for du.
rations of 3 and 10 s by inserting a mrbon.
coated 3-mm TEM gridl into the postflamc
region at the location where gravimetric and
optical measurements were performed. The
soot was then examined with a TEM micro-
scope at a nominal magnification of 2.3 X 10J.
Images were electron~ally digitized and the
prima~ soot size was determined by an image
analysis software for the electronic images. The
average primary particle diameter measured
for an equivalence ratio of 2.5 is about 22 nm,

which is similar to the sizes measured in vari-
ous flame [19]. Our objective was to determine
the density of the individual primary spherulcs
and not of the aggregate. Helium pycnometry
is a technique that has been commonly used to
measure the density of carbon black [20]. He-
lium is used because its small size can pene-
trate the voids between soot particles when
they have been compactecl.

The measurement of density requires the
collection of a large sample on the order of 1 g
or more. Approximately half of the flow exiting
the tube was collected through a funnel to the
cascade impactor operating at a flow of 28.3
L/rein [12]. The soot was removed from the
impactor stages, the water-cooled collection
tube, funnel, and the top of the chimney. Ap-
proximately 1 h was required to collect 1 g soot
when operating the burner at an equivalence
ratio of 2.5.

The collected soot had a very low apparent
densi~. The sample was compacted using a die
to a density of about 0.04 g/cm3. When the
cell was half-filled with compacted soot, the
actual volume occupied by the particles was

.
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‘Y* “onlya couple of percent of the entire cell.
$@f the cell was filled, it was outgassed at a
~?wperature of 343 K and the density of the
.+@ple was determined. The measured density
-;.fo~the soot (1.7-1.8 g/cm3) was slightly less
;,$an the value of 1.84 g/cm3 obtained by
:.:Rossman and Smith for acetylene black [201.
-LWhereasthe re~eatabilitv was within 1%, the.
“&@racy may be somewhat lower because of
‘~~ uncertainty associated with measurement
.,of an extremely small volume. For the isoki-

..,netic calculations of the soot volume fraction,
:,<~&laverage density of 1.74 g/cm3 was used
;,~withan estimated uncertainty of *0.10 g/cm3.
:Z##

,.
;::COMPARISONS OF GRAVIMETRIC AND
~OPTICALMEASUREMENTS

‘The soot volume fraction based on gravimetric
“’measurements, fu,was obtained from the ratio

“ of the mass concentration of soot, M., to the
density of the soot, p,.

‘f”=: (5)

As discussed in the previous section, the den-
sity of the soot is taken to be the average of
the helium pycnometry result of 1.74 g/cm3.
To compare with the optical measurements,
which are based on a line of sight average, the
radial average of the soot volume fraction,
f.(ave), equal to 0.84 fU(center) was used [where
fU(center) is the volume fraction at the center
of the tube].

For each experiment, extinction measure-
ments were performed in conjunction with the
gravimetric soot sampling experiments. Figure
3 displays the extinction measurements for ac-
etylene/ air flames with equivalence ratios of
2.3,2.5, and 2.7. The data were averaged with a
0.1-s increment to reduce the fluctuations in
the transmitted intensity. One minute of laser
transmission was taken prior to flame ignition.
The sharp reduction in the transmitted signal
was due to the thick smoke produced by the
initially very rich conditions at ignition. The
sampling probe was inserted 1 min after igni-
tion to avoid the initial transient soot accumu-
lation, The signal transmitted through the soot

-.
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Fig. 3. Light extinction measurements as a timction of
time for rich acetylene/air premixed flames.

dispersion displays some fluctuations (caused
by small changes in the path lcngth~ however,
the average value remains nearly constant
throughout the duration of the experiment.
The flame was extinguished after 5 min (at
t = 7 rein) of soot sampling arid the probe was
immediately removed from the chimney.

Figure 4 displays the soot vcdume fraction as
a function of equivalence ratios for both the
gravimetric and optical measurements (fuawas
calculated from Eq. 2 with K= = 4.9, a,. = O
for comparisons with gravimetric measure-
ments). Table 1 displays f.,f..,andq for the
eight experiments. The optically determined
soot volume fractions are approximately twice
as large as the gravimetric measurements for
all equivalence ratios. Another choice of re-

2“0~——————1 ‘0

8

c1

6 5
I&w

3

,, ~A.d——J ,
2.25 2.35 2.45 2.>5 2.65 2.75

Equivalence RatiIo

Fig. 4. Comparisons of the gravimetric soot volume frac-
tion with opticaliy-detemined soot volume fraction (using
Dalzell-Sarofim’s dispersion relatic~nship). Mass sPecific
extinction coefficients is also plotted as a function of the
equivalence ratio.

—
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TABLE1

f., f.., %, andCorresponding K, Values for Rich
Acetylene/Air Premixed Flames”

M. Y. CHOI ET Al.

‘“00r~

CIPticalMc.mumm:us
{

Equivalence
Ratio ~..(ppm) ~..(ppm) %(m2/~ K.

2.3 0.28 0.48 7.6 8.4
2.5 0.41 0.78 8.7 9.3
2.5 0.41 0.68 7.6 8.2
2.5 0.41 0.72 8.0 8.7
2.5 0.41 0.71 7.9 8.5
2.5 0.33 0.57 7.9 8.5
2.5 0.31 0.51 7.4 8.0
2.7 0.56 1.34 8.6 9.3

Average Values 8.0 8.6

“ Gravimetric soot volume fraction ~U,optical soot vol-
ume fraction ~t,c, specific extinction coefficient m~,and
calculated dimensionless extinction coefficient K. for
equivalence ratios of 2.3, 2.5, and 2.7.

fractive index could lead to better or poorer
agreement between the optical and gravimetric
measurements. For example, the calculated ab-
sorption constant using the various indices of
refraction can vary by a factor of 2 [11]. In
addition to the uncertainty in the optical prop-
erties, replacing Ke with Ka neglects light
scattering. This can result in as much as 25%
underestimate of K= and 33’?ZOoverestimate of
the soot volume fraction. However, the gravi-
metrically determined soot volume fraction is
more accurate. Furthermore, by setting ~u.
equal to fu (since measurements were per-
formed at the same location), one can compute
the value of K, consistent with the accurately
determined soot volume fraction using the fol-
lowing relationships:

()–ln ~ A

f,.= K: =f”,
e

()

–In ~ A

K, =
fcLO “

(6)

(7)

Table 1 also lists the K, calculated from each
experiment. The average value and 2 standard
deviations of K= is 8.6 + 1.5 (see Section on
uncertainty analysis).

Using the dimensionless extinction constant
of 8.6 instead of 4.9, the optically determined

““” ~~

2.25 2.35 2.45 2.55 2.65 27s
E@vatence Ratio

Fig. 5. Comparison of the g,ravimetric soot volume frw
tion with optically determined soot volume fraction (using
K, = 8.6).

soot volume fractions ame calculated and corn.
pared with the gravimletric measurements in

Fig. 5. This figure demonstrates that a single
value of Ke can be used to correct the Iighl
extinction data for soc~t generated under dif”

ferent operating conditions.
Also in Fig. 4 we demonstrate that the aver-

age mass specific extinction constant, CT,,is
relatively insensitive tc~the equivalence ratio.
The only difference between specific extinction
constant, cq, and the climensionless extinction
constant, Ke, is the product of the density of
soot and the laser wavelength [KJcL = P,A].
The mean value of all the measurements for q,
is 8.0 + 1.5. This is in good agreement with
typical values of cq measured for soot pro-
duced from different fuels including wood.
crude oil, heptane and polyurethane as shown
in Table 2.

TABLE 2

Mass Specific Extinction Coefficients for Soot Created
from Various Fuels”

u (m*/s) Fuel Reference

8.0 * 0.5 Acetylene Present study

7.8 ~ 1.2 Crude oil Dobbins et al. (1993)

8 Hydrocarbon fuels Patterson et al. (1991)
and plastic

7-8 Heptane Mulholland et al. (1989)
9 Wood Mulholland et al. (1989)

8.5-9.1 Polyurethane Mulholland et aI. (1989)
10-12 Llquified petroleum Colbeck et al. (1989)

gas, mainly butane .

“ Specific extinction coefficients measured for various
fuels.
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~~Newman and Steciak [7] determined the soot
~ particle density from the observed linear rela-

tionship between soot volume fraction and par-
.: title mass concentration for overventilated dif-

,,;,fusion flames. The soot volume fraction was
Z determined using an extinction constant calcu-
‘~!~lated from multi-wavelength transmission anal-
;~,ysis based on Mie theory (refractive indices of
“i Lee and Tien were employed [21]). There is a.&\~
‘~ large discrepancy between our measured soot

density of 1.74- g/cm3 and their calculated
density of 1.1 g/cm3. The density of 1.1 g/cm3
is also significantly lower than the values re-
ported by other investigators for carbonaceous
particulate. For example, Rossman and Smith
measured a density of 1.84 g,/cm3 for acety-
lene black [20]. The low value obtained by
Newman and Steciak can be attributed to our
observation that the optical measurements
overestimate the soot volume fraction [11].

By measuring the dimensionless extinction
constant, K=, we avoid issues related to the
refractive index, fractal structure of soot and
multiple scattering within the agglomerate in
calculating the extinction constant. As dis-
cussed above, the ratio KJci$ is equal to
product of the density times the laser wave-
length. The densities reported for carbona-
ceous particulate vary from approximately 1.70
to 2.00 g/cm3. The independence of the mass
specific extinction constant as a function of
fuel type (Table 2) suggests that the measured
value of K= equal to 8.6 ~ 1.5 is a useful
estimate for soot generated from a wide range
of fuels at A = 632 nm.

In previous work by Dobbins and coworkers,
the specific extinction constant was found to
vary nearly inversely with the wavelength from
450 to 1000 nm [26]. The dimensionless extinc-
tion constant, K,, which is proportional to the
product of ~ and wavelength, A is thus ap-
proximately constant. Newman and Steciak also
report that the dimensionless extinction con-
stant is relatively insensitive to the laser wave-
length [7].

In this study as well as several others re-
ferred to above [7, 12, 26], the soot volume
fraction measurements are made in the post-
flame zone. Koylu and Faeth [18] determined

that the scattering to absorptiam ratios for large
soot aggregates created in the overtire region
of acetylene, ethylene and propane difision
flame are 41%, 29%, and 22%, respectively at
A = 514.5 nm. (The correspcmding scattering

to extinction ratios are 29%, 2270, and 18%.)
These scattering to extinction ratios are ex-
pected to decrease for experiments in which
longer wavelength lasers are used (i-e., ~ =
632.8 nm as in the present study). Thus, even
for these cases in which scattering is expected
to be significant, the estimated total contribu-
tion of the scattering to the extinction coeffi-
cient at a source wavelength of 632 nm is 23%.
There is also great interest in the soot volume
fraction measured within Iaminar and turbu-
lent flames. The approach that has been widely
used is to perform light extinction measure-
ments and then use Eq. 2 with cr,c set equal to
zero. As discussed above, this leads to an over-
estimate by a factor of 1.75 (ratio of 8.6/4.9) in
the post-flame region. While the soot agglom-
erates will be smaller in some regions of the
flame compared to the post-flame, they are still
large enough that scattering will contribute to
the light extinction [17, 25]. For these reasons,
the use of K, = 8.6 measured in the present
study is expected to provide a more accurate
measurement of soot within the flame and in
the postflame region.

Still, more work is needed to better define
the degree of scattering in the flame zone.
Within the flame, there are also issues to be
resolved regarding the refractive index. For
example, Habib and Vervisch [22] found dif-
ferences in the refractive index of soot gener-
ated from different fuels (including methane,
propane and ethylene). Chang and Charalam-
POPOU1OS[23] performed experiments using a
premixed flame and found variations of the
refractive index as a function of height above
the burner suggesting effects of temperature
and the soot C/H ratio. For these reasons,
future experiments are planned to investigate
the effects of using different fuels, different
configurations (diffusion flame and premixed
flame), various sampling temperatures and ex-
tinction wavelengths on thl~ dimensionless ex-
tinction constant of soot.

An important application of the simulta-
neous optical/gravimetric measurements de-
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scribed in this study is
dimensionless extinction

for determining the
constant for flame-

generated particles containing both soot and
inorganic materials such as silica for which
optical properties (such as the refractive in-
dex) are not available. Silicon containing fuels
such as hexamethyldisiloxane produce signifi-
cant amounts of carbonaceous/silica particles,
however, concentration measurements cannot
be made by light extinction without accurate
extinction constants [27].

UNCERTAINTY ANALYSIS

& uncertainty analysis for K. was performed
to define the 95% confidence interval which is
both a NIST policy and a widely adopted inter-
national practice for reporting uncertainty esti-
mates [28]. The combined standard uncertainty
of the result y is estimated by the law of
propagation of uncertainty as the positive square
root of the estimated variance, u:(y), obtained
from

[1Ndf2
Ucz(y) = ~ —

i=l C3xi
u*(xi), (8)

where U(xi) is the estimated standard devia-
tion of the variables xi. The uncertainty analy-

M. Y. CHOI ET AL

sis is performed for six cp.tantities, M., M. ,,,,

f,,a, f,,, q, Kc. In Table 3, the nominal V&

and the estimated standard deviation for each
xi are given in addition to the expanded unccr.
tainty, U.

We report the results in Table 3 as an ex-
panded uncertainty, U = 2UC, to define an in-
terval having a level of confidence of approxi-
mately 95%. The expanded uncertainty for KC
is approximately + 1.5. All measured values
given in Table 1 are in a narrower range of 8.0
to 9.3.

T’he largest uncertainties are in the density
of the soot with U-,/p$ = 0.06 and the soot
profile coefficient, cJb = 0.05. Significant re-
duction of the uncertainty in p, is possible by
collecting more sample and using increased
compaction so that the effective sample vol-
ume is increased in the pycnometer. Re-
ductions in the uncertainty of b can be ac-
complished by establishing a more uniform
environment by heating the walls.

CONCLUSIONS

By combining gravimetric measurements of the
collected soot with soot density measurements
using helium pycnometry, an accurate value of
the soot volume fraction was obtained for rich

TABLE 3

Nominal Values and the Associated Individual Uncertainties in the Measured Parameters that Contribute to the
Expanded Uncertainty in K,

Physical Contributing U, Expanded
Quantity Nominal Value Variable Nominal Value m(xi)/xi Uncertainty” u/yb

M, 0.78 g/m3 ms 5.00 mg 0.006 0.05 g/m3 0.06
v 4.00 L 0.020
TP 475 K 0.021

M ave 0.66 g/m3 M. 0.78 g/m3 0.030 0.07g/m3 0.11
b’ 0.84 0.050

f“. 0.69 ppm ln(l/lO) – 0.43 0.035 0.07 ppm 0.08
L 0.084 m 0.024

f. 0.38 ppm M ave 0.66 g/m3 0.055 0.06 ppm 0.16
1.74 g/cm3 0.057

us 7.8 m2/g ln(l/fi)/Ld –5.12/m 0.040 1.1 m2/g 0.14

m-= 0.38 x 10-6 g/m3 0.055
K. 8.5 In(I/IO )/L –5.12/m 0.040 1.5 0.18

f, 0.38 ppm 0.08

“ Corresponds to two standard deviations.
b Corresponds to nominal value of the variables in column 2.
c Corresponds to the soot profile coefficient, M,(ave) = bM,(center).
d Same relative uncertainty as f,...
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;t~tylene premixed flames. The temperature
~d soot concentration profiles were measured

,~ compare the line of sight light extinction
~rneasurement with the point sampling gravi-
,~etric measurements. By calibrating the opti-
cal measurements with the gravimetric soot
jmlume fractions, a dimensionless extinction
,constant, &, of 8.6 * 1.5 was measured. It was
~ako found that the mass specific light extinc-
Y$,on coefficient was equal to 8.0 + 1.1 m2/g,
-,which is consistent with measurements re-
ported in the literature for a soot produced

~from a variety of fuels [8, 20, 24, 29]. The K,
~measured in this study is recommended as a
,’,useful first-order estimate for computing soot
. volume fraction based on light extinction mea-
, surements for soot generated from a variety of
fuels for both small and large scale flames.
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